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and other paper products, micro?brillation of cellulose for 
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(US) facturing improved hardboard, and producing and improved 

“super” pulp While reducing chemical usage and spent liquor 
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cosolvents [critical ?uid, SuperFluids or SFS] for the pre 
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PRETREATING CELLULOSIC BIOMASS 

GOVERNMENT SUPPORT 

[0001] Research leading to this invention Was in part 
funded With Grant No. 90-33 610-51 1 1 from the United States 
Department of Agriculture, Washington, DC. 

FIELD OF THE INVENTION 

[0002] The present invention pertains to methods for pre 
treatment of cellulosic biomass for bioconversion into etha 
nol and other biofuels and Wood-based chemicals, recycling 
of neWsprint and other paper products, micro?brillation of 
cellulose for use as an additive in the food and cosmetic 

industries, manufacturing improved hardboard, and produc 
ing and improved “super” pulp While reducing chemical 
usage and spent liquor generation. In particular, the instant 
invention employs supercritical, critical or near critical ?uids 
With and Without polar cosolvents [critical ?uid, SuperFluids 
or SFS] for the pretreatment of cellulosic biomass. 

BACKGROUND OF THE INVENTION 

[0003] Biomass resources are currently greatly underuti 
liZed in the United States. If effectively exploited, these 
resources can reduced our dependency on foreign oil While 
alleviating several environmental problems. In the recent 
state of the Union address by President Bush, both the Execu 
tive O?ice and the Democratic Congress concurred on the 
need for an alternative energy problem. Biomass resources 
have the potential to make a signi?cant contribution to this 
program. 
[0004] America’s forests are prime candidates for improve 
ment in biomass utiliZation. In the harvesting of a tree, 
approximately 40% of the biomass is either burned or treated 
as a Waste problem. Thus, a substantial amount of Wood 
material is not utiliZed for the more traditional structural uses 
of Wood. This Waste biomass can be utiliZed as the feedstock 
for fermentation processes Which produce ethanol, industrial 
chemicals and ruminants for animal feed. The bioconversion 
of plant biomass is both technically and economically limited 
by the absence of high yield and loW cost conversions tech 
nology for lignocellulosic materials. Ethanol production 
from plant substrates requires the development of an ef?cient 
pretreatment process for increasing the susceptibility of 
Woody biomass to hydrolytic enZymes. Pretreated biomass 
substrates may then be hydrolyZed to glucose, and converted 
to ethanol by conventional yeast fermentation. Biomass pro 
duced ethanol can displace gasoline usage, thereby reducing 
oil consumption While loWering automobile-generated air 
pollution. 
[0005] Paper Waste, another underutilized biomass 
resources, is currently a burden on our overfull land?lls. This 
biomass Waste can also be pretreated, re-pulped and recycled; 
alternatively, pretreated paper Waste can also be used as feed 
stock to bioconversion plants. 
[0006] SuperFluids are a gentle and energy-e?icient means 
of comminuting or disrupting Woody biomass. SuperFluids 
offer several advantages as a form of Wood pretreatment, and 
may also ?nd utility as a form of Wood pulping. 
[0007] As shoWn in FIG. 1, a compound becomes super 
critical at conditions that equal or exceed both its critical 
temperature and critical pressure. These parameters are 
intrinsic thermodynamic properties of all su?iciently stable 
pure compounds and mixtures. Carbon dioxide, for example, 
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becomes a supercritical ?uid at conditions that equal or 
exceed its critical temperature of 31.10 C. and its critical 
pressure of 72.8 atm (1,070 psig). In the supercritical ?uid 
region, normally gaseous substances such as carbon dioxide 
become dense phase ?uids that have been observed to exhibit 
greatly enhanced solvating poWer. 
[0008] At a pressure of3,000 psig (204 atm) and a tempera 
ture of 400 C., carbon dioxide has a density of approximately 
0.8 g/cc and behaves much like a nonpolar organic solvent 
such as hexane, having a dipole moment of Zero Debyes. A 
supercritical ?uid uniquely displays a Wide spectrum of sol 
vation poWer, as its density is strongly dependent upon tem 
perature and pressure. Temperature changes of tens of 
degrees or pressure changes by tens of atmospheres can 
change a compound’s solubility in a supercritical ?uid by an 
order of magnitude or more. This unique feature alloWs for 
the ?ne-tuning of solvation poWer and the fractionation of 
mixed solutes. The selectivity of nonpolar supercritical ?uid 
solvents can also be enhanced by the addition of compounds 
knoWn as modi?ers (also referred to as entrainers or cosol 
vents). These modi?ers are typically someWhat polar organic 
solvents such as acetone, ethanol and methanol. 

[0009] In addition to their unique solubiliZation character 
istics, supercritical ?uids possess other physicochemical 
properties that add to their attractiveness as solvents. They 
can exhibit liquid-like density yet still retain gas-like proper 
ties of high diffusivity and loW viscosity. The latter increases 
mass transfer rates, signi?cantly reducing processing times. 
Additionally, the ultra-loW surface tension of supercritical 
?uids alloWs facile penetration into microporous materials 
such as cellulosic biomass, increasing saturation as Well as 
expansion and extraction ef?ciency and overall yields. While 
similar in many Ways to conventional nonpolar solvents such 
as hexane, it is Well knoWn that these ?uids can extract a 
different spectrum of materials than conventional techniques. 
Product volatiliZation and oxidation as Well as processing 
time and organic solvent usage can be signi?cantly reduced 
With the use of supercritical ?uids. 
[0010] A material at conditions that border its supercritical 
state Will have properties that are similar to those of the 
substance in the supercritical state. These so-called “near 
critical” ?uids are also useful. To simplify the terminology, 
materials that are utiliZed under conditions, Which are super 
critical, near critical, or exactly at their critical point With or 
Without polar cosolvents or entrainers are jointly referred to 
as critical ?uid, SuperFluidsTM or SFS. 

[0011] The basic steps of the inventive critical ?uid-biom 
ass pretreatment (CBP) process are: (a) milling of biomass 
into speci?c siZe and, if necessary, the controlling of moisture 
content; (b) preheating the milled biomass to operating tem 
perature utiliZing the heat generated from compressing the 
critical ?uid); (c) exposing the biomass to the critical ?uid to 
permeate the Wood matrix; and (d) rapid depressuriZation or 
explosive decompression, leading to expansion of solvent 
Within the Woody biomass and its de?bration. With either a 
critical ?uid or loW boiling liquid, speci?c volume changes of 
tWo or three orders of magnitude are attainable With relatively 
small changes in pressure. For example, the expansion factor 
(ratio of volumes at operating to standard atmospheric con 
ditions) of saturated steam at 1,000 psig is approximately 60 
Whereas supercritical carbon dioxide has an expansion factor 
of360 at a pressure of l ,200 psig and 32° C. Thus, supercriti 
cal CO2 at these conditions may be at least six times more 
effective than steam in the de?bration of Wood by an explo 
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sive decompression mechanism. This enhanced expansion 
force enables the method to become effective and applicable 
to many Wood types. 
[0012] The inventive critical ?uid pretreatment process is 
envisioned to utilize relatively loW cost or potentially no cost 
critical ?uids such as carbon dioxide at moderate conditions 
of temperature, pres sure and residence time in a rather simple 
equipment con?guration. The primary aim of the proposed 
CBP technique is to mechanically de?brate biomass and 
paper substrates in order to improve the accessibility of 
hydrolytic enzymes to cellulose ?bers. However, in addition 
to the critical ?uid, these solvents can be tailored to break 
doWn polymeric lignin into its aromatic constituents, solvate 
the reaction products, and thus separate lignin from the desir 
able cellulose and hemicellulosic constituents of Wood. Criti 
cal ?uids may thus have utility as a pretreatment as Well as a 
pulping technique through de?bration as a result of explosive 
decompression at a loWer operating temperature, and frac 
tionation as the result of critical ?uid reaction and solvation 
effects. The CBP process may also ?nd utility in paper recy 
cling processes by mechanically pretreating neWsprint While 
chemically enhancing the deinking process. 

SUMMARY OF INVENTION 

[0013] The present invention improves cellulosic biomass 
pretreatment by using near-critical, critical and supercritical 
?uids With or Without polar cosolvents Which have the com 
bined capability to de?brate biomass at loW operating tem 
peratures and to fractionate Wood into its constituents. 
[0014] Experiments Were conducted With White pine and 
critical carbon dioxide at different conditions of time, tem 
perature, and pressure. Several CBP-White pine experiments 
Were also conducted With polar entrainers in SFS CO2, other 
critical ?uids (nitrous oxide, propane, ethylene, and Freon 
22) and saturated steam at 2400 C. At a loWer level of effort, 
several CBP and steam explosion pretreatment experiments 
Were conducted With a typical hardWoodired oak, and a 
representative paper WasteineWspaper strip of the Wall 
Street Journal. In order to evaluate explosive decompression 
of a critical ?uid, several preliminary micro?brillation 
experiments Were conducted in a critical ?uid disruption 
apparatus. Finally, We conducted several experiments With a 
critical ?uid solubilization apparatus to con?rm that at the 
loW temperatures utilized, critical ?uids do extract lignin 
and/ or other aromatic Wood constituents. 
[0015] Experimental results and analytical data indicate the 
critical ?uid biomass pretreatment (CBP) process is techni 
cally feasible, and has several advantages over conventional 
steam explosion pretreatment. These conclusions are based 
on: (1) high conversion e?iciencies (CBP Was 60% more 
effective than steam explosion in pretreating White pine, 
300% better in pretreating neWsprint and just as effective in 
pretreating red oak); (2) biomass recovery yields (betWeen 95 
and 99%) Which are much higher than steam explosion yields 
(often less than 80%); (3) relatively loW operating conditions 
of temperature, pressure and time. 
[0016] The primary potential application for the critical 
?uid pretreatment process is pretreating biomass Waste for 
bioconversion into ethanol and other Wood-based chemicals. 
The use of Waste biomass as a cheap raW material for the 
production of ethanol by bioconversion processes could sig 
ni?cantly impact the manufacturing cost of gasohol, and help 
meet President Bush’s goals of reducing auto emissions and 
air pollution over the nation’s largest cities by 50% Within the 

Nov. 26, 2009 

next ten years. There are several other potential applications 
such as recycling of neWsprint and other paper products, 
micro?brillation of cellulose for use as an additive in the food 
and cosmetic industries, manufacturing improved hardboard, 
and producing and improved “super” pulp While reducing 
chemical usage and spent liquor generation. 
[0017] Experimental results and analytical data indicate the 
critical ?uid biomass pretreatment (CBP) process is techni 
cally feasible, and has several advantages over conventional 
steam explosion pretreatment. These conclusions are based 
on the folloWing: 

[0018] CBP Was shoWn to be, under certain conditions, 
much more effective than steam in pretreating typical 
softWood and a representative paper Waste (about 60% 
more effective in pretreating White pine and more than 
300% better in pretreating neWsprint). 

[0019] CBP Was just as effective as conventional steam 
explosion in pretreating representative hardWoodired 
oak, improving its enzymatic hydrolysis six-fold. 

[0020] Biomass recovery yields are very high (betWeen 
95 and 99%) for conditions Which favor enzymatic 
hydrolysis. These yields are much higher than steam 
explosion biomass yields Which are usually less than 
80%. Steam explosion results in the solubilization of 
pentosans and oligomers, improving susceptibility to 
hyrolytic enzymes, but also reducing yield. Biomass is 
also lost as the result of pyrolysis gases, acetic acid from 
acetyl groups, formic acid, furfual and other compounds 
Which evaporate With Water. 

[0021] The biomass loss to the critical ?uid can be recov 
ered in a commercial process and utilized to form useful 
byproducts (this Was demonstrated by an online high 
pressure UV monitor). 

[0022] The optimal residence time for CBP pretreat 
ment, under certain conditions, Was estimated to be 
between 1 and 5 minutes. For example, the enzymatic 
hydrolytic ef?ciency for SFS CO2 pretreated neWspaper 
strips Was more than 300% greater than untreated mate 
rial for a residence time of only 1 minute at 2,000 psig 
and 600 C. It should be noted that this residence time can 
be further reduced by dynamic mixing and explosively 
ejecting the SFS treated biomass materials. This com 
pares Well With steam explosion for Which residence 
times between 1 and 10 minutes have been used. 

[0023] LoWer pressures appear to Work better than 
higher ones for the CBP process, presumable because 
the crystallinity of the cellulosic materials is adversely 
affected by high pressures. For White pine shavings, SFS 
CO2 Was most effective at the loWest pressure (2,000 
psig) tested. For neWspaper strips, the enzymatic hydro 
lytic conversion ef?ciency is very favorable at 2,000 psig 
and very poor at 10,000 psig. 

[0024] We anticipate that the maximum pressure 
requirements should be less than 3,000 psig for carbon 
dioxide because both effects of decompression energy 
and biomass salvation should reach points of diminish 
ing returns beyond a reduced pressure of about 3 .0 (refer 
to Figure x in Which density at loW temperatures asymp 
totically increases With pressure). LoWer pressure 
requirements loWer initial capital cost, and reduce 
equipment Wear and operating costs. 

[0025] LoWer CBP pretreatment temperatures Were 
more effective than higher ones, presumable because 
critical ?uid density and explosive decompressive forces 
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decrease With temperature. For SFS CO2 pretreated 
White pine shavings and cubes, the optimum operating 
temperature Was around 60° C. For neWspaper strips 
hydrolytic enzymatic susceptibilities decreased dra 
matically With increased temperature. 

[0026] LoW CBP operating temperatures are very favor 
able since steam explosion suffers several draWbacksi 
loW biomass yields and high energy costsibecause of 
the higher temperatures utiliZed. Additionally, steam 
explosion leads to loss in brightness and deterioration of 
?ber and paper properties (due to partial cellulose depo 
lymeriZation)ifactors that make steam exploded Wood 
?bers unsuitable for paper making. 

[0027] As a result of relatively loW operating tempera 
tures, CBP pretreatment has an additional advantage 
over steam explosion Which requires a post-treatment 
Washing step to remove furfural and other biomass deg 
radation products that are inhibitory to the action of 
hydrolytic enZymes. 

[0028] Critical carbon dioxide proved rather effective in 
pretreating Woody biomass, improving the enZymatic 
hydrolysis e?iciencies of White pine, red oak and neWs 
print by more than 300% at relatively loW temperatures 
and pressures. This result Was quite encouraging 
because CO2 is non-toxic, non-?ammable, relatively 
environmentally benign, and readily available (CO2 Will 
be present onsite as a byproduct of an ethanol fermen 
tation process). 

[0029] The enzymatic hydrolysis ef?ciency of White 
pine pretreated by critical carbon dioxide Was signi? 
cantly improved (approximately doubled) by the addi 
tion of 2 mole % ethanol as a polar entrainer. This is a 
rather convenient ?nding since ethanol, as Well as CO2, 
Will be available onsite at biomass to energy plants. 
There is hoWever, likely to be some trade-off betWeen 
using ethanol as a polar entrainer to improve CBP’s 
pretreatment capability and selling ethanol as a product. 

[0030] The moisture content of “green”, never-dried red 
oak chips improved the e?iciency of the CBP pretreat 
ment process With supercritical carbon dioxide at 10,000 
psig and 200° C. This improvement could have been 
caused by carbon dioxide dissolving in the interstitial 
Water, associating to form carbonic acid, and inducing 
mild hydrolysis. This result is quite advantageous over 
steam explosion because the heating of moisture origi 
nally present in the Wood is potentially the greatest con 
tributor to steam consumption, requiring more than 
tWice as much steam as does dry Wood. 

[0031] In terms of initial capital, as Well as operating and 
maintenance costs, the economic trade-offs are betWeen 
the high temperature requirements of the steam explo 
sion process and the high pressure requirements of the 
critical ?uidpretreatment process. The CBP process Will 
be operated at the minimum pressure requirements and 
pressure drops. While the former impacts vessel Wall 
thickness, the latter Will impact both the capital and 
operating costs of the compressor. Indeed, if the CBP 
process can be operated rather isobarically, the costs of 
the CBP process Would be signi?cantly impacted. Con 
tinuous ?oW operation Would also signi?cantly impact 
process economics. In a continuous ?oW process, the 
siZe of a CBP pipe reactor Will be determined by the 
residence time requirements and throughput capacity. 
Since the residence time requirements have been shoWn 
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to be loW and competitive With steam explosion, capital 
cost of the CBP process at loW pressures (less than 3,000 
psig) Will be competitive With that of steam explosion. 

[0032] The developed CBP process Would be more effec 
tive, selective, ?exible, generally applicable, and energy e?i 
cient than existing processes. The real bene?ts of the CBP 
process are expected to arise from its technical edge over 
existing methods of pretreating biomass. 
[0033] The CBP process has been demonstrated to be more 
effective than steam explosion in pretreating White pine and 
neWsprint, and just as effective as steam explosion in pretreat 
ing a representative hardWoodired oak. Furthermore, the 
adiabatic expansion of the critical ?uid Will lead to a cooling 
of medium, thus reducing thermal and oxidative degradation 
of cellulose and hemicellulose and improving overall carbo 
hydrate yield. The effectiveness of the proposed CBP process 
is also positively impacted by the capabilities of critical ?uid 
solvents to remove lignin and other polymeric resins Which 
bind the Wood ?bers. The accessibility of the ?bers to cellu 
lase and their susceptibility to enZymatic hydrolysis Would 
thus be improved; also, the strength, integrity and brightness 
of the resulting ?bers Would be improved, making the CBP 
process a good candidate for pretreating Wood and reducing 
doWnstream pulping and bleaching requirements. There are 
several potential applications of the critical ?uid biomass 
pretreatment process; 

[0034] CRITICAL FLUID PULPING to produce high 
quality paper is the largest and most di?icult market 
place to penetrate, Critical ?uids can potentially create a 
super ?ber While reducing chemical usage and spent 
pulping liquor generation, minimiZing the environmen 
tal impact of the pulp and paper industry on society at 
large. 

[0035] MANUFACTURING OF IMPROVED HARD 
BOARD is quite possible since the CBP process can 
displace conventional chemical-mechanical techniques, 
and offers several advantages over steam explosion 
pulping. In this application, the CBP process Would 
depend equally on the chemical salvation and mechani 
cal de?bration capabilities of critical ?uid pretreatment. 

[0036] RECYCLING NEWSPRINT AND OTHER 
PAPER PRODUCTS . . . . The CBP process Was dem 

onstrated to be very effective in pretreating neWsprint 
With excellent yield (almost 100%). The possibility 
exists that the very apolar critical ?uids can be used for 
the deinking of neWsprint, and that this capability can be 
enhanced by the use of polar entrainers and fatty acid or 
surfactants. 

[0037] PRETREATING BIOMASS WASTE for biocon 
version into ethanol and other Wood-based chemicals. 
The use of Waste biomass as a cheap raW material for the 
production of ethanol by bioconversion processes could 
signi?cantly impact the manufacturing cost of gasohol, 
and help meet President Bush’s goals for reducing auto 
emissions and air pollution over the nation’s largest cit 
ies by 50% Within the next ten years. 

[0038] MICROFIBRILLATION OF CELLUOSE for 
use as an additive in the food and cosmetic industries. 
This application constitutes a niche-market Which is 
su?iciently large to justify evaluation. We anticipate that 
the CBP process Would be primarily mechanical in this 
application 
BRIEF DESCRIPTION OF THE DRAWINGS 

[0039] FIG. 1 is a depiction of a supercritical ?uid phase 
diagram. 




















